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Introduction
Two distinct groups of acyl-CoA desaturases are present in mammals. One group comprises the stearoyl-CoA desaturases (SCDs) and the other consists of A-6 desaturase (D6D) and 6-5 desaturase (D5D). SCD catalyses the synthesis of oleic acid (1 8 : 1, n -9) from stearic acid (1 8 : 0) [ 
13.
The product, 18 : 1, n -9, is incorporated mainly into triacylglycerols (TAGs) as an energy reserve [2, 3] . D6D and D5D are key enzymes for the synthesis of highly unsaturated fatty acids (HUFAs), such as arachidonic acid (20:4, n-6) and docosahexaenoic acid (22 : 6, n -3). HUFAs are incorporated into phospholipids (PLs) [3, 4] , and perform a variety of physiological functions, including eicosanoid signalling [ 51, pinocytosis [6] , ion channel modulation [7] , and regulation of gene expression [8]. In particular, transcriptional regulation of desaturases by HUFAs is one of the main topics of this review and will be discussed later. Recent developments in our understanding of HUFA functions have been reviewed elsewhere [9] . SCD is regulated primarily by induction of the enzyme, and no acute regulation has been identified [l] . Refeeding with a high-carbohydrate diet after fasting rapidly increases SCD protein more than 40-fold in rodent liver, and the induction of the SCD mRNA parallels its activity [1, 10] . On the other hand, the D6D and D5D mRNAs are not affected by fasting/refeeding ([ll] and W. S. He, T. Y. Nara, H. P. Cho, S. D. Clarke and M. T. Nakamura, unpublished work).
Dietary fatty acids are the major regulators of D6D and D5D expression. The D6D and D5D mRNAs are low when n -6 and n -3 polyunsaturated fatty acids (PUFAs) are supplied from the diet, while the mRNAs are induced when animals are fed a fat-free diet or a diet containing only triolein (18:1, n-9) as a fat source [12, 13] . A nuclear run-on analysis showed that the transcriptional regulation largely accounted for the change in D6D mRNA abundance (C. Tang, H. P.
Cho, M. T. Nakamura and S. D. Clarke, unpublished work) . Despite the differences between SCD and D6D/D5D in physiological functions and regulation, these two groups of desaturases share surprisingly common regulatory features including : (i) dependence of expression on insulin, (ii) suppression by n-6 and n-3 PUFAs and (iii) induction by peroxisome proliferators (PPs). Subsequent sections will focus on these common regulatory mechanisms.
Role of sterol-regulatory element binding protein (SREBP)-I c in induction of desaturases by insulin
SREBP-lc is a transcription factor that activates entire genes of fatty acid synthesis in liver including SCD [14] . Recently, Matsuzaka and coworkers reported that D6D and D5D mRNAs were also elevated in transgenic mice overexpressing SREBP-1 [l 11. The SREBP-1 binding sequence, the sterol-regulatory element (SRE), has been identified in SCD promoters of mouse and human genes [15, 16] . We recently identified the SRE in the human D6D promoter [16a]. Accumulating evidence indicates that SREBP-1 c mediates the effect of insulin on transcriptional activation of genes involved in fatty acid synthesis [14, 17, 18] . Because SCD and D6D mRNAs were diminished in diabetic rats, and were restored by insulin administration [19, 20] , the insulin effect is likely to be mediated by SREBP-lc in the desaturase genes.
A study using random oligonucleotides demonstrated that SREBP-1 has dual binding specificity, being capable of binding the classic SRE (SRE-I) as well as sequences containing a canonical E-box (CACGTG) [21] . Human D6D SRE (SRE-2) is more similar to the E-box SRE than SRE-1, and has a degenerated E-box sequence, CAGCAG, in its core instead of the SRE-1 consensus sequence, CACCCC. The SRE-2 core sequence is also conserved in human and mouse D6D promoters [16a], as well as human, mouse and chicken SCD promoters [ 1 5,16,22] .
Role of SREBP-lc in suppression of desaturases by PUFAs
D6D and D5D are not the only genes that are suppressed by dietary PUFAs. PUFAs also suppress other genes involved in fatty acid synthesis [8] including SCD [23, 24] . The suppression of SCD by fatty acids is unique to n-6 and n-3 PUFAs. A product of SCD, 18:1, n-9, is less effective in vivo [23] , and has no effect in cells in suppressing SCD expression [16] . SREBP-lc mediates this PUFA-induced inhibition of SCD [15, 25] and of other genes such as fatty acid synthase [26] and S14 [27] . We found that SRE also mediates the suppression of D6D promoter activity by HUFAs [16a] . HUFAs suppress the target gene transcription by reducing the active form of SREBP-lc. More than one mechanism is involved in this process: first, dietary HUFAs reduce the nuclear form of SREBP-1 in rats [26] , and in HEK-293 cells [28] , whereas dietary triolein has no effect [26] . Secondly, HUFAs decrease stability of SREBP-1 mRNA [29] . Also, Yoshikawa and co-workers reported that PUFAs suppressed transcription of the SREBP-lc gene in HEK-293 cells via the liver X receptor-mediated mechanism [30], although we did not observe transcriptional suppression by dietary PUFAs in rats [26] , and others have reported that the suppression of SREBP-1 by fatty acids in cells was not PUFA-specific [28, 31] .
The identification of SREBP-lc as a key regulator of D6D poses an interesting question : what is the major physiological function of SREBP-lc in liver -regulation of T A G synthesis or P L synthesis ? Traditionally, the primary role of de novo fatty acid synthesis in liver is considered to be the production and secretion of TAGs [32] . If this were the case, the major role of SREBP-lc would be the conversion of excess glucose into TAGs for storage because SREBP-1 c activates entire genes for fatty acid synthesis in liver [14] . However, accumulating evidence indicates that SREBP-lc plays a key regulatory role in HUFA synthesis. Because HUFAs are mainly incorporated into PLs, and are very poor substrates for TAG synthesis [3, 4] , the primary role of SREBP-1 in liver may be the regulation of fatty acid synthesis for PLs rather than for TAGs. Indeed, Dobrosotskaya and co-workers recently reported that phosphatidylethanolamine controls maturation of SREBP in Drosophila cells, and proposed a hypothesis that the primary role of SREBP in animals is to monitor and maintain cell membrane composition [33] . Because HUFAs reduce the amount of the nuclear form of SREBP-1 in rat liver [26] and HEK-293 cells [28] , HUFAs esterified into membrane PLs may exert this effect by inhibiting the proteolytic processing of precursor SREBP-lc. Widespread expression of SREBP-lc, including in non-lipogenic tissues [34] , is also consistent with this hypothesis. Another interesting observation related to this topic is that transgenic mice overexpressing the mature form of SREBP-1 in liver developed steatosis, but did not show an elevation of HUFA incorporation into PLs [35] . This suggests the presence of another mechanism that may limit incorporation of HUFAs into PLs in addition to the regulation of HUFA synthesis by SREBP-1.
Activation of desaturases by PPs
Another common feature among three desaturases is an induction of these enzymes by PPs [36, 37] . PPs such as fibrates and WY14643 (pirinixic acid) induce fatty acid oxidation enzymes, and, in rodents, cause peroxisome proliferation [38] . PPs bind a nuclear receptor, PP-activated receptor M (PPARa), which then activates transcription of target genes by binding as a heterodimer to a ciselement, PP response element (PPRE) [39] . A consensus sequence of PPRE is a direct repeat-1 (DR-l), AGGNCAaAGGTCA [40] . The mouse SCD-1 promoter has a DR-1-like element (58% identical with the consensus PPRE), which is required for the activation of the SCD-1 gene by PPs [41] . We found that Wy 14,643 strongly induced the D6D mRNA, and that transcriptional activation of the D6D gene largely accounted for the induction ( C . Tang, H. P. Cho, M. T. Nakamura and S. D. Clarke, unpublished work). This induction of desaturases by PPs poses a few paradoxes to be resolved. First of all, PPARa, in general, induces genes of fatty acid P-oxidation, while SREBP-1 induces genes of fatty acid synthesis. With the exception of desaturases, no gene that is activated by both SREBP-lc and PPs has been identified. Secondly, in spite of marked induction (> 10-fold) of D6D activity and mRNA in rat liver after PP administration, the proportion of HUFAs (products of D6D/D5D pathway) in the liver lipids did not increase. Instead, the proportion of HUFAs was remarkably well maintained ([37], W. s. He, T. Y . Nara, H. P. Cho, S. D. Clarke and M. T. Nakamura, unpublished work). Thirdly, in contrast with a rapid induction of acyl-CoA oxidase, a prototypical PPARa responsive gene, the induction of the SCD-1 mRNA took 3 0 h [41] . Moreover, the induction was inhibited by cycloheximide, suggesting that the induction is dependent on protein synthesis [41] . We found that the D6D mRNA showed a similar delayed induction, which took 52 h to reach a maximum (W. S. He, T. Y. Nara, H. P. Cho, S. D. Clarke and M. T. Nakamura, unpublished work).
Taken together, a direct activation by the binding of liganded PPARa to PPRE may not be the major mechanism of desaturase induction by PPs. A more plausible hypothesis is that the induction of desaturases is a compensatory response to an accelerated degradation and an increased demand for unsaturated fatty acids caused by PP administration. Because PPs induce enzymes for fatty acid oxidation in both peroxisomes and mitochondria [38] , PP administration is likely to increase the degradation of HUFAs. In addition, the requirement of HUFAs for membrane PLs would be increased by PP administration, which induces proliferation of peroxisomes and enlargement of liver in rodents [37, 38] . The mechanism by which the DR-1 -like element in the SCD-1 promoter mediates transcriptional activation by PPs is unknown. If indeed PPARa binds the DR-1 -like element, induction of cofactor may be the mechanism that explains the delayed induction of desaturases and the abolition of the SCD-1 induction by cycloheximide. Alternatively, PPARa may not be the transcription factor that binds the response element, because more than one transcription factor can bind the DR-1 sequence [42] . Another possible mechanism is an involvement of SREBP-1 in the desaturase induction by PPs, because the postulated role of SREBP-1 is the regulation of unsaturated fatty acid synthesis for PL, and PP administration alters the balance between supply and demand of HUFAs for P L synthesis.
Conclusions
Recent advances have revealed that mammalian fatty acyl desaturases share common regulatory mechanisms. Most notably, SREBP-1 c activates the transcription of SCD-1, D6D and probably D5D genes. The SRE-2 sequence, CAGCAG, is conserved in both SCD and D6D promoters. Also, SREBP-lc mediates the suppression of desaturase expression by HUFAs. The key role of SREBP-1 in desaturase regulation supports the hypothesis that the major role of SREBP-lc is to monitor and regulate fatty acid composition in PLs, rather than induction of fatty acid synthesis for energy storage as TAGS. PPs induce both SCD-1 and D6D. Increased demand for HUFAs is likely to be involved in this induction because PPs induce peroxisome proliferation and fatty acid oxidation. The mechanism of this induction by PP is yet to be elucidated. 
